Cell-free transcription and translation provides an open, controllable environment for production of correctly folded, soluble proteins and allows the rapid generation of proteins from DNA without the need for cloning. Thus it is becoming an increasingly attractive alternative to conventional in vivo expression systems, especially when parallel expression of multiple proteins is required. Through novel design and exploitation, powerful cell-free technologies of ribosome display and protein in situ arrays have been developed for in vitro production and isolation of protein-binding molecules from large libraries. These technologies can be combined for rapid detection of protein interactions.
Introduction
Protein interactions play a critical role in the control of all biological pathways [1] , and their study has therefore become a key area of proteomics research. In the past decade, both in vivo and in vitro methods for identification of protein interacting partners have emerged, prominent among them being the yeast two-hybrid system [2, 3] , tandem affinity purification, immunoprecipitation coupled with MS [4] [5] [6] and protein microarrays [7, 8] . In general, these require expression of individual proteins in one of several in vivo expression systems followed, in some cases, by isolation of the target proteins or protein complexes. Detection of protein-protein interactions by these methods can be hampered by difficulties in expressing the target proteins (e.g. insoluble, toxic or unstable proteins). Cell-free protein synthesis, which makes use of cell extracts to synthesize target proteins from added DNA, provides an alternative approach to expression that may overcome some of these problems. Cell-free expression systems use PCR DNA as the template and can be easily adapted for high-throughput protein synthesis. In addition, the open and flexible nature of the cell-free systems allows the addition of components to facilitate protein folding and introduce modifications, producing proteins in controllable environments that may not be accessible in in vivo systems.
Here, two cell-free protein technologies, ribosome display and PISA (protein in situ array), are described. Both technologies are discovery tools for rapid isolation of interacting proteins from DNA libraries and can be combined for 'library against library' screening.
Ribosome display technology: linking nascent polypeptides to mRNA
Principle Ribosome display connects nascent proteins to their encoding mRNA through the generation of stable PRM (proteinribosome-mRNA) complexes. The formation of such complexes enables isolation of a specific protein together with its encoding mRNA, based on selection by ligand binding. After selection, the mRNA can be recovered by RT (reverse transcription)-PCR, for expression and identification of the protein. Ribosome display was originally developed for in vitro selection and optimization of antibody-combining sites [9, 10] and extended for a wider range of proteins [11] .
The preferred method for coupling nascent polypeptide with its encoding mRNA is by stalling the translating ribosome at the 3 -end of the mRNA through deletion of the stop codon: since the stop codon is required to engage release factors, in its absence the nascent protein does not dissociate from the ribosome and is thus associated physically with the mRNA (Figure 1 ). Alternative methods for forming PRM complexes include the use of antibiotics or by interaction between a nascent polypeptide and its translating mRNA [11] .
As PCR DNA libraries are used without the need for cell transformation, ribosome display has the potential to screen very large populations; for example, a library size of 10 12 -10 14 members can be easily generated in a few PCR reactions for ribosome display, whereas at least 1000 transformations would be required to achieve a comparable library size by cell-based methods due to the limit of transformation efficiency, which usually generates 10 7 -10 9 clones per transformation [11] .
Ribosome display systems
Both prokaryotic and eukaryotic ribosome display systems, either 'coupled' (DNA as the template) or 'uncoupled' PCR DNA, either as a single identity or a library, is subjected to a cell-free expression to generate PRM complexes. After interaction with an immobilized ligand, cDNA is recovered from the mRNA in the bound PRM complex by one of the following procedures: (i) in situ RT-PCR (eukaryotic ribosome display) and (ii) ribosome disruption method followed by mRNA purification and RT-PCR (prokaryotic ribosome display). Abbreviation: T 7 , T 7 promoter.
(mRNA template), have been developed. The prokaryotic systems use the Escherichia coli S30 extract [10, 14, 15] or the PURE (protein synthesis using recombinant elements) system, composed of purified E. coli proteins and factors that are essential for translation [12] . For eukaryotic ribosome display, either the rabbit reticulocyte lysate system [9, 13] (Figure 1 ) or wheatgerm extracts [11] have been used. The choice of prokaryotic or eukaryotic depends mainly on the properties and origins of the proteins to be studied. A key step in ribosome display is recovery of DNA by RT-PCR after affinity interaction with ligand ( Figure 1) . A highly efficient procedure would allow rare species to be recovered, increasing the sensitivity of detection. Currently, two methods are used for recovering DNA from ribosomeattached mRNA. In the E. coli system, ribosome disruption is employed (e.g. by EDTA chelation) to dissociate ribosome subunits and the mRNA is isolated prior to RT-PCR amplification. An alternative introduced by us and applicable to the rabbit reticulocyte method employs an in situ recovery procedure in which RT-PCR is performed directly on the PRM complexes without the need for prior dissociation (Figure 1 ) [11] . Interestingly, ribosome disruption has been found to be a relatively poor procedure for isolating mRNA from rabbit reticulocyte complexes [16, 17] . DNA recovery by in situ RT-PCR on complexes is achieved through the design of an RT primer hybridizing slightly upstream of the 3 -end to avoid the region covered by the stalled ribosome [9, 18] . This both simplifies the recovery process and avoids loss of material. In situ RT-PCR has been used to analyse binding specificity of ARM (antibody-ribosome-mRNA) complexes produced by ribosome display [16] .
Identifying protein interactions by ribosome display
Ribosome display produces a library of nascent proteins that are tagged by their own mRNA, acting as a source of detection probes. Affinity interactions between PRM complexes and immobilized proteins would allow discovery of the interacting partners through sequence analysis of the ribosome-bound mRNA. Ribosome display technology has been used to generate PRM complexes for both searching protein-protein interactions and identifying ligand-binding domains from a library [19, 20] . Elsewhere, specific PRM complexes have been used for monitoring protein specificity [16] or mapping interacting epitopes [21] .
PISA: protein arrays from DNA
Protein arraying is a means of large-scale analysis of protein interactions. Cell-based expression methods for making protein arrays face technical challenges including obtaining large numbers of expressed proteins and longterm maintenance of protein folding and functions on an array surface [7] . Alternatively, by parallel, cell-free protein synthesis and simultaneous immobilization on a surface, protein arrays can be rapidly generated from DNAs [7, 22] . PISA is one such design [22] , which performs cell-free protein synthesis on a surface precoated with a protein-capturing reagent, so that the newly synthesized protein is specifically captured as soon as it is released (Figure 2 ). After washes, the immobilized proteins form an array for immediate use. Protein immobilization is through the capture of a tag located at either the N-or C-terminus of the protein. A procedure entitled NAPPA (Nucleic Acid Programmable Protein Arrays) has been described previously, in which a protein array is produced directly from immobilized DNA templates [7] . Here, DNA is immobilized on a glass slide that is also precoated with a protein-capturing antibody [e.g. anti-GST (glutathione S-transferase) where the protein is a GST fusion]. A cell-free lysate is applied over the entire surface and the synthesized proteins are captured locally by the antibodies. This leads to generation of an array in which the proteins are trapped in the vicinity of their encoding DNA [7] .
Cell-free PISA systems have the significant advantages of avoiding the need for separate expression and purification of individual proteins and reducing the risk of losing protein function on storage. In addition, a variety of protein post-translational modifications can be performed in eukaryotic cell-free systems. Moreover, cell-free proteins can be easily labelled during the in vitro translation process by fluorescence-modified or biotinylated amino acids at specific sites. This is in contrast with protein labelling through chemical coupling methods, which have the drawback of randomly labelling to amino acids and the possibility of inducing conformational changes that might affect the binding function and introduce structural heterogeneity [23] .
Screening for protein interactions
PISA technology has been successfully applied to make protein arrays for screening protein-binding events and enzymatic activity. A number of proteins including singlechain antibodies, enzymes and protein domains have been tested [24] . Recently, the PISA concept has been converted into a miniaturized format with a reaction volume of 350 pl, generating high-density arrays with a potential to spot more than 14 000 samples on a single glass slide [25] . An array of 384 individual proteins has been produced by this method. After screening, the array showed an expression pattern identical with that produced by other conventional methods [25] .
With NAPPA technology, an array containing 29 human proteins involved in DNA replication initiation was produced from a corresponding DNA array template. The protein array was then screened with each of the 29 proteins in turn, synthesized as soluble proteins in the same cell-free system, with identification of 110 interactions including many previously known from genetic, two-hybrid and biochemical methods [7] .
Combining ribosome display with protein arrays: library against library screening
Proteomic studies require high-throughput methods for identification of protein interactions. In principle, protein arrays can be adapted for interaction with a ribosome display library, allowing large-scale detection of interacting partners (Figure 3 ). In this way, 'bait' proteins can be produced by protein in situ arraying, where each of a set of proteins is immobilized in a known location on a surface, while ribosome display provides a library of polypeptide 'preys' which are tagged with their encoding mRNA. Interactions between arrayed proteins and PRM complexes are allowed to occur and the interacting partners are then identified both from their position on the array and gene sequence identified from the attached mRNA after RT-PCR. We have used a model system to test this approach with SH2 (Src homology 2) and SH3 domains of signal transduction proteins. Individual protein domain 'baits' were rapidly generated and immobilized on to magnetic beads by the PISA method [22] and the beads were exposed to a small library of PRM complexes generated by ribosome display. After interaction, the beads were collected and the interacting ribosome-bound proteins were identified by in situ RT-PCR. The results were consistent with previously established interactions, demonstrating the feasibility of identifying protein interactions from a library of PRM complexes (M. He, H. Liu, M. Turner and M.J. Taussig, unpublished work).
Summary
Cell-free technologies provide powerful discovery tools for studying protein interactions. By avoiding DNA cloning and in vivo protein expression/purification, the PCR-based approach is ideally suited to the rapid exploration of uncloned interacting domains or smaller fragments. Ribosome display generates a library of PRM complexes in which individual nascent polypeptides are tagged by their encoding mRNA. The complexes provide sensitively detected interacting 'preys' for protein interactions. Protein in situ arraying allows the single-step generation of protein arrays directly from DNA, which can be used, either alone or in a combination with ribosome display, for high-throughput discovery of protein interactions.
